We demonstrate a Yb-doped hybrid fiber with anomalous dispersion in the 1 μm spectral range, where asymptotically single-mode behavior is achieved with a differential mode amplification technique. The fiber has a dispersion of 70-100 ps/(nmkm) in the spectral range from 1.020 μm to 1.055 μm and a sharp dispersion peak (approximately 400 ps/(nm·km) near 1.064 μm) caused by the modes anti-crossing. The relatively large hybrid mode field diameter (8 μm) allows us to demonstrate high-peak-power femtosecond pulse generation via nonlinear chirped pulse compression in both dispersion regimes. Operation near 1.064 μm allows us to compress narrowband (3 dB spectral width of 2 nm) 6 ps pulses down to a duration of 250 fs with a peak power of 3.3 kW. Operation in the spectral region with a nearly constant anomalous dispersion is found to be optimal for the compression of wideband pulses. In particular, 1 ps pulses centered at 1.03 μm with a spectral width of approximately 11 nm are compressed down to 90 fs with a peak power of approximately 10 kW, which to the best of our knowledge is the best result for all-fiber (i.e., without external bulk compressors) systems operating near 1 μm.
Introduction
High-Energy ultrafast fiber lasers have found numerous applications to date. Sub-picosecond pulses with energy from few μJ to sub mJ (with a main application of micromachining) are typically obtained by chirped-pulse amplification using at the final stage bulk compressors based on diffraction gratings, prisms or a volume chirped Bragg grating. At the same time, all-fiber laser format is in high demand for tasks where medium-energy femtosecond pulses (∼nJ) are used for subsequent frequency conversion in optical fibers. One such example is coherent supercontinuum generation, where sub100-fs pulses are used to pump a photonic crystal fiber (PCF) [1] . The spectral region near 1 μm is preferable in this case, as Yb-doped fiber amplifiers provide the highest pump-to-signal conversion efficiency and average power among other rare-earth-doped fiber amplifiers. At the same time, fibers with a relatively large mode area and high anomalous dispersion are required for efficient chirped-pulse compression, but standard step-index fibers exhibit normal dispersion near 1 μm. As a result, the construction of all-fiber high-peak-power femtosecond lasers operating near 1 μm has become a challenging task.
To date, a number of special optical fibers with anomalous dispersion near 1 μm have been proposed and implemented. For example, hollow-core fibers (HCFs) [2] have a high threshold for nonlinear effects and, therefore, allow fiber pulse compression at high peak powers [3] . The main disadvantage of this fiber type is non-single-mode operation. Another problem is the impossibility of splicing the HCFs with standard fibers due to the collapse of air holes and the large mode field diameter (MFD) mismatch. The other proposed types of fiber with anomalous dispersion near 1 μm also have disadvantageous properties that prevent their utilization. In particular, photonic bandgap fibers [4] - [7] have anomalous dispersion at the edge of the bandgap, where high optical loss and a high dispersion slope result in pure pulse characteristics after compression. Photonic crystal fibers [8] - [10] only exhibit anomalous dispersion near 1 μm when the core diameter is small, which results in a low threshold for nonlinear effects. Operation in a high-order mode [11] , [12] typically requires the utilization of complicated techniques for the excitation of the chosen high-order mode and a subsequent highly efficient conversion to the fundamental mode.
In recent years a novel fiber type, hybrid fibers, become a very promising tools for dispersion management [13] - [15] . An appropriate choice for the refractive index profile of such fibers allows for desirable dispersion characteristics (both the dispersion and dispersion slope). Most experiments have been performed in the spectral range near 1 μm [14] , but a recent study also showed the prospects of such type of fibers in the mid-infrared spectral range [15] . A hybrid fiber consists of a step-index core surrounded by one or two high-index ring layers and, in some cases, a low-index outer depressed layer. Most of the transverse eigenmodes of hybrid fiber are located in the highindex ring layers, but for certain parameters of the layers, there is one mode (LP 02 or LP 03 for structures with one or two high-index ring layers, respectively) where the optical power is mainly localized inside the core. This mode, which we call a hybrid mode, propagates due to total internal reflection and has zero leakage losses; however, it has many properties that are similar to the properties of a Bragg mode of a photonic bandgap Bragg fiber [6] , [7] . The first important property of the hybrid mode is the possibility of achieving anomalous dispersion in the region near 1 μm (dispersion in the range of 10-60 ps/(nm km) has previously been demonstrated near 1.064 μm [13] , [14] ). The second important property is that the hybrid mode can be efficiently excited by simple fusion splicing with step-index fibers when the MFD is matched to that of the fundamental mode.
It is worth noting that even with optimal excitation conditions, in a hybrid fiber, some fraction of the power (approximately a few tens of percent) propagates in modes other than the hybrid mode [16] . This feature is undesirable in many cases. For example, the existence of several modes in the core results in the generation of a few pulses that are separated in time due to the different propagation constants of the modes. This property makes it impossible to fabricate mode-locked lasers based on such fibers because the generation of multiple pulses prevents a stable mode locking regime. To solve this problem, an asymptotically single-mode hybrid fiber was proposed and realized in [16] . The fiber design was based on the introduction of a highly absorbing ring layer at the position of the hybrid mode intensity minimum, which resulted in selective absorption of undesirable modes. Introducing such a hybrid fiber into the ring resonator allowed us to realize a stable all-fiber modelocked femtosecond pulse laser [14] . The main drawback of this approach was the requirement of achieving extremely high absorption in a very thin ring layer. Existing technological limitation led to a noticeable overlap of the hybrid mode with the absorbing ring layer and, consequently, high propagation losses of the hybrid mode (∼1 dB/m). As a result, direct pulse compression in the developed fiber did not allow a high compressed pulse energy [14] .
In the present work, we utilize a differential mode amplification technique to realize an asymptotically single-mode propagation regime in a hybrid fiber. For this aim, only the central part of the hybrid fiber core is doped with active elements. This technique allows us to realize an all-fiber nonlinear compressor scheme and achieve both a single-mode operation regime and a high peak power in pulses compressed to femtosecond durations.
Hybrid Fiber Fabrication
The hybrid fiber preform was fabricated by the rod-in-tube method [15] . The method consisted of (1) the fabrication of an active core preform based on a photodarkening-free P 2 O 5 -Al 2 O 3 -SiO 2 matrix doped with approximately 2 wt.% of Yb [16] , (2) deposition inside a silica tube structure with highand low-index layers and (3) jacketing the realized silica tube over a Yb-doped core preform. For an efficient pump mixture, the outer cladding of the fabricated hybrid fiber preform was polished into an octagonal shape. A fiber with a flat-to-flat size of 120 μm was drawn in a low-refractive-index polymer (numerical aperture of approximately 0.45) to allow pump propagation in the first cladding. The measured hybrid fiber refractive index profile (RIP), scanned electron microscope (SEM) image of the fiber cross section and hybrid mode image are shown in Fig 1. The hybrid mode field diameter was estimated at the 1/e 2 level to be ∼8 μm in the 1.02-1.07 μm spectral region. Splice loss with Corning HI1064 fiber was estimated to be ∼1.5 dB for signal at 1.03 μm, which indicate that power can be efficiently coupled and decoupled to and from the hybrid mode. Moreover utilization of fiber with MFD better matched to the hybrid mode can further decrease the splice loss. The cladding absorption was measured to be 0.9 dB/m and 2.1 dB/m at 915 nm and 976 nm, respectively. This values were less than we expected taking into account core absorption (1.3 dB/m and 6 dB/m at 915 nm and 976 nm, respectively), which we attribute to a worse pump mixture coursed by a nonoptimal cladding shape.
Properties of the Realized Hybrid Fiber
The electric field intensity distribution of the hybrid mode (LP 03 ) near 1.03 μm calculated using the measured RIP is shown in Fig. 1a . Calculations were based on solving of scalar wave equation using home-made software. In the same figure, we show the distributions of the LP 01 and LP 02 modes. These modes have the largest overlap with the active core region and can be excited by splicing the hybrid fiber with a single-mode step-index fiber. The overlap integral between the hybrid mode (LP 03 ) and Yb-doped region was calculated to be approximately 90% (87%) at 1.03 μm (1.064 μm). A much smaller overlap was found for the other modes: approximately 6.6% (9.5%) for the LP 02 mode at 1.03 μm (1.064 μm), approximately 1% for the LP 01 mode and less than 1% for all other modes of the hybrid fiber. A small overlap integral results in a small mode gain and nearly single-mode operation due to differential gain [19] . Indeed, if the hybrid mode gain is approximately 20 dB, the LP 02 mode gain will be approximately 1.5 dB at 1.03 μm (2.2 dB at 1.064 μm) and less than 0.3 dB for all the other modes. Thus, the unwanted mode content will be reduced by more than 18 dB. The mode content "clean-up" will be even more efficient if the hybrid mode has a higher gain.
To check our calculations, we studied the mode composition at the output of the amplifier for the fabricated hybrid fiber co-pumped through the first cladding. The central wavelength of the seed was 1.064 μm, to realize the worst case (unwanted modes had a higher overlap with Yb-doped region in this case). The fiber was 8-m-long, and the pump wavelength was 0.915 μm. To evaluate the initial mode content, we cut the hybrid fiber down to a length of 20 cm and observed the output beam in an unpumped fiber. In the first experiment, splicing was carried out with a low arc current to minimize unwanted mode excitation; in the second experiment, fusion splicing was performed with an increased arc current, which resulted in the excitation of a significant fraction of power in the unwanted ring layer modes (see Fig. 2, a-d) . It can be clearly seen that only the hybrid mode was observed at the output of the hybrid fiber in both cases: regardless of the excitation conditions, the output mode shape corresponded to the mode calculated by the measured RIP. Similar behaviors and mode shapes were observed when we studied the outputs for signal near 1.03 μm.
Unwanted mode suppression was also detected by measuring autocorrelation traces. For a reasonably small differential mode delay, we chose a relatively short hybrid fiber length of 1.25 m. Excitation of a mode different from the hybrid mode (by a nonoptimized fusion splicing) resulted in the appearance of side peaks in the autocorrelation traces (the positions of the peaks depended on the fiber length [16] ). The intensity of the side peaks was highest when the hybrid mode gain was relatively small. An increase in the pump power (and therefore the hybrid mode gain) resulted in preferable amplification of the hybrid mode and, as a consequence, a reduction in the content of the unwanted mode and a decrease in the intensity of the side peaks in the autocorrelation function (see Fig. 2e ).
The dispersion of the realized hybrid fiber was measured by the low-coherence interference method [20] . The measured change in the optical fiber length as a function of wavelength and the calculated using this data dispersion of the hybrid mode are shown in Fig. 3a and Fig. 3b , respectively. The dispersion calculated from the measured RIP is also shown in Fig. 3b by dash curve. From a comparison of the two dispersion curves, it can be seen that near 1.072 μm the measured dispersion is significantly different from that calculated using the actual RIP. Moreover, our measurements of chirped pulse compression (the central wavelengths near 1.03 μm and 1.064 μm) in the linear regime showed that the compression rate corresponds to the measured dispersion (see the magenta point shown in Fig. 3b) . A detailed study of the effective refractive index dependence of the hybrid fiber modes on the wavelength showed that in the region near 1.072 μm, an anti-crossing of the LP 03 hybrid mode and the LP 32 mode located in the ring layers occurs (see Fig. 3c ), which is the reason for the strong modification of the dispersion [21] . It is interesting to note that the mode shape at an operating wavelength of 1.064 mm is very close to the calculated mode shape in the absence of a resonant interaction between the hybrid fiber modes. Only a slight increase in the intensity of the "side lobes" is observed in this case (see Figs. 2a and b) .
The pump-to-signal conversion efficiency was also measured in the fabricated Yb-doped hybrid fiber using a copropagating pump and signal scheme (see Fig. 3d ). The signal from the seed source passed through an isolator and then with the help of a pump and signal combiner (configuration 2 + 1 to 1) was coupled to the developed hybrid fiber. The output end of the hybrid fiber was anglecleaved to exclude backward reflections. The unabsorbed pump power was removed from the laser system by building a pump stripper similar to [22] at the bare hybrid fiber end. Measurements were performed at two signal wavelengths: 1.03 μm and 1.064 μm. For the 1.03 μm signal, the length of the hybrid fiber was chosen to be 1.7 m to guarantee a negligible level of amplified spontaneous emission (ASE) near 1.06 μm. The pump wavelength was chosen to be 976 nm to maximize the pump absorption for this short fiber length. The slope efficiency relative to the lunched pump power was equal to 53%. For the 1.064 μm signal, we chose a relatively long fiber length of approximately 8 m, which was enough to completely suppress the ASE at 1.03 μm. A pump source near 0.915 μm was used in this case. A slope efficiency of 51% was measured in this experiment. In both cases, the pump-to-signal conversion efficiency was limited due to a relatively high amount of unabsorbed pump power. It is worth noting that unabsorbed pump power can be reduced by the choice of a more appropriate cladding shape (for example, a square). It can improve the pump absorption (the cladding absorption for a 10 cm short fiber length was approximately 1.2 dB/m at 0.915 μm and 
Nonlinear Pulse Compression Experiment
Given the presence of the peak in the dispersion curve of the hybrid fiber, nonlinear chirped pulse compression experiments were carried out in two regimes. In the first case, we considered chirped pulse amplification and compression in the spectral region near 1.03 μm, where there is no resonance between the modes of the structure. In the second experiment, we considered pulse compression near 1.064 μm in the region of the dispersion peak. In both cases, we used the amplifier schemes shown in Fig. 3d . Similar to a previous experiment, we used a 1.7 m fiber length and a 0.976 μm pump wavelength for the seed source at 1.03 μm and a 7 m fiber length and a 0.915 μm pump for the seed source at 1.064 μm.
In the first experiment, a commercially available (Avesta Project Ltd) source delivering chirped pulses at a central wavelength of 1.032 μm was used as a master oscillator. The input pulse spectral bandwidth, measured at the 3 dB level, was approximately 11 nm, and the pulse repetition rate was 42 MHz. The autocorrelation trace and the spectrum of the seed source are shown in Fig. 4a and b correspondingly. The seed pulse duration defined as full width at half maximum (FWHM) was 1 ps, and the pulses had a positive chirp. The pulse energy of the seed was ∼24 pJ (average power of 1 mW). The pulses were amplified in the 1.7 m Yb-doped hybrid fiber to an energy of ∼0.9 nJ and simultaneously compressed down to a duration of 90 fs. Lateral wings can be observed in the autocorrelation trace of the compressed pulse (see Fig. 4a ); however, they contain a relatively small part of the energy (less than 10%), so we estimate the peak power of the compressed pulse to be approximately 10 kW. The corresponding spectrum of the output pulse is shown in Fig 4c. A further increase in the pulse energy was limited by the appearance of nonlinear effects distorting the pulse shape and spectrum. To the best of our knowledge, the obtained peak power is a record for all-fiber (without a diffraction grating compressor) femtosecond lasers operating near 1 μm (compared to 2.3 kW for the scheme with a PCF [23] ).
It is worth noting that the small output average power (∼40 mW) in this experiment was caused by the low repetition rate of the seed source -the required pulse energy was achieved near the threshold pump power. The utilization of a seed source with a higher repetition rate (several GHz) will allow one to achieve an average power in excess of several Watts.
The second experiment was devoted to studying chirped pulse compression near the dispersion peak caused by the anti-crossing of the hybrid and high-index ring layer modes. To suppress the ASE centered near 1.03 μm, we used a hybrid fiber with a length of 7 m. Due to the relatively fast change of the dispersion near 1.064 μm, we sought a seed source with a relatively narrow spectral bandwidth. At the same time, we aimed to achieve maximum pulse compression only near the end of the hybrid fiber (to reduce the nonlinearity and increase the maximum peak power). Considering the actual dispersion, we used a seed laser manufactured by Fianium Ltd. with a central wavelength of 1.064 μm, a pulse duration of 6 ps and a 3 dB spectral bandwidth of 2 nm. The seed pulse energy was 0.1 nJ at a repetition rate of 18 MHz (average power of ∼2 mW). Fig. 5a shows the autocorrelation curves and spectra measured at the output end of the hybrid fiber for different output pulse energies. Intense lateral wings were observed in the autocorrelation trace of the compressed pulse. The estimated power fraction in the lateral wings at the shortest pulse duration (250 fs) is 72%. The estimated peak power in the compressed pulse is approximately 3.3 kW when the pulse duration is 250 fs.
Nonlinear Pulse Compression Simulation
In a numerical simulation of the spectral and temporal evolution of pulses in the Yb-doped hybrid fiber, we used the generalized nonlinear Schrödinger equation for the complex spectral envelope of a pulse, taking into account higher-order dispersion, the Kerr nonlinearity and stimulated Raman scattering [24] .
The influence of active Yb 3+ centers was taken into account by introducing gain of the form [25] :
where
, G (0, ω 0 ) is the maximum gain of a weak signal at 1.03 μm and 1.064 μm, which depends on the pump power, P av (z) is the average power of the amplified signal, P sat = A eff σT 1 is the saturation power, A eff is the effective mode area, σ is the emission cross-section of the Yb 3+ ions, and T 1 = 1.03 ms is the lifetime of the upper laser level. The emission cross-sections in the hybrid fiber at 1.03 μm and 1.064 μm are 0.504 pm 2 and 0.19 pm 2 , respectively. The lifetime and emission cross sections were measured in lab for P 2 O 5 -Al 2 O 3 -SiO 2 glass matrix doped with 2 wt.% of Yb. Taking into account the overlap integral (1/ ) between mode and Yb-doped core area, the saturation power at 1.03 μm and 1.064 μm was found to be P sat = 31 mW (A eff = 113 μm 2 ) and P sat = 81.9 mW (A eff = 118 μm 2 ), respectively. In our case, the single-pulse energy is several orders of magnitude lower than the saturation energy. Saturation occurs due to the total energy of the pulses, which is determined by the repetition rate of the mode-locked laser (typically tens of MHz).
A numerical simulation was performed for pulses with parameters close to those used in the experiment: for the wavelength of 1.03 μm, we chose a seed source with a pulse duration (FWHM) of 1 ps and a spectral FWHM of 11 nm; for the wavelength of 1.064 μm, we chose a seed source with a pulse duration of 6 ps and a spectral width of 2 nm. The repetition rate of the seed sources was 42 MHz at 1.03 μm and 18 MHz at 1.064 μm. The pulses were Gaussian with a positive Fig. 6 . Dependence of the power, spectral and temporal characteristics on the fiber length for input pulses at a wavelength of 1030 nm with a duration of 1 ps and a peak power of 24 W. (a): spectral and temporal pulse evolution over the fiber length, (b): peak power and pulse width distribution along the fiber length, (c), and (d): pulse envelope and spectrum for different fiber lengths.
linear chirp with С = 7. We used the measured and calculated dispersion of the hybrid mode LP 03 in the spectral region of 0.98-1.12 μm. The dispersion β 2 has significantly different values at the wavelengths of 1.030 μm (−39.8 ps 2 /km) and 1.064 μm (−298 ps 2 /km) due to a resonant peak at approximately 1.06-1.085 μm caused by coupling between the LP 03 hybrid mode and the LP 32 mode.
In the numerical analysis, attention was mainly paid to obtaining the maximum compression of the input chirped pulses without a significant shift in the spectrum. To this end, we varied the gain G (0, ω 0 ), which depends on the pump power and the fiber length. In earlier works [26] , it was found that the main factor determining the output pulse parameters for maximum compression in an active fiber is the soliton parameter
2 is the dispersion length, τ is the pulse duration defined as half-width at 1/e-intensity point, β 2 is the second-order dispersion, L nl = 1/(γP ) is the nonlinear length, γ is the nonlinear coefficient, and P is the pulse peak power. To obtain the best quality in the compressed pulses, small values of N are needed throughout the fiber. Fig. 6 shows the best result, obtained for 1 ps pulses with an input peak power of 24 W at a wavelength of 1.03 μm, for G (0, ω 0 ) = 16.5 dB/m and a fiber length of 3 m. At the fiber input, the parameter N is equal to 0.6 (L nl = 29.8 m and L d = 10.2 m). The pulse compression in this case is close to adiabatic with a slow increase in N from 0.6 to 1.2 along the whole length of the amplifier (Fig. 6a) . Self-phase modulation in the fiber results in a strong spectral broadening for fiber lengths of approximately 1.5-2.2 m.
The spectrum is divided into two interfering components that experience a strong amplitude modulation with increasing peak power (Fig. 6d) . However, due to the gain dispersion, which shifts the spectrum to the center of the amplification line, the shift the spectrum to the long-wavelength region in this segment is negligible. The formation of a Raman soliton with a shift in the spectrum Fig. 7 . Dependence of the power, spectral and temporal characteristics on the fiber length for input pulses at a wavelength of 1064 nm with a duration of 6 ps and a peak power of 22 W. (a): spectral and temporal pulse evolution over the fiber length, (b): peak power and pulse width distribution along the fiber length, (c) and (d): pulse envelope and spectrum for different fiber lengths; (e): dependence of the peak power and pulse duration on the pulse energy.
to the long-wavelength region begins after 2.2 m, where the peak power increases to 20 kW and the pulse duration reduces to 70 fs (Fig. 6b-d) .
The simulation also shows a very good correlation with the experiment with a fiber length of 1.7 m: at a fiber length of 1.7 m, the estimated pulse duration in this case is 89 fs, and the peak power is 9.8 kW. Fig. 7 shows how the spectral and temporal characteristics of a Gaussian pulse at a wavelength of 1.064 μm with a duration of 6 ps and a peak power of 22 W vary along the active fiber. The maximum pulse compression without a spectral shift is obtained for a length of 7 m and G (0, ω 0 ) = 3.2 dB/m. The parameter N is equal to 1.1 at the input and has small values (N < 3) along the entire fiber length. For the first 3 m of the fiber, pulse compression occurs mainly due to fiber dispersion, since the nonlinear length here is relatively large and the self-phase modulation cannot broaden the spectrum beyond the gain line. When the pulse propagates through 3.8 m of active hybrid fiber, L nl = 0.7 m and the influence of the self-phase modulation becomes decisive. Nevertheless, spectral broadening in this case is not monotonous. Fig. 7a shows that the spectral width oscillates along the fiber length, and the pulse structure becomes complicated. Fig. 7c and d shows the spectrum and temporal pulse envelope at the fiber lengths corresponding to the maximum spectral widths (4.9, 6, and 7 m). The interplay between the self-phase modulation, gain dispersion and dispersion of the fiber results in an asymmetric spectral modulation.
At the fiber output, our calculations predict a pulse compression up to 34 fs and a peak power of approximately 99 kW (Fig. 7, b) . In this case, the pulse has a pedestal, but the compressed pulses still contain approximately 60% of the total energy. It should be noted that the compressed pulse parameters are very sensitive to the output pulse energy (see Fig. 7e ). For energies of 3-4.5 nJ, the pulse duration is approximately 250 fs, and the peak power is approximately 10 kW. Increasing the pulse energy to only 5.5 nJ allows us to compress the pulse down to a duration of 34 fs and increase the peak power up to ∼100 kW correspondingly.
A comparison of the calculation (Fig. 7e) and experiment (Fig. 5c) shows a reasonable correlation, except for the smaller pulse energies required for pulse compression (1.6-3.2 nJ in the experiment compared to 3-4.5 nJ predicted by the calculation) and the appearance of the last regime (compression of a pulse down to a few tens of fs for a narrow pulse energy range). We suggest that the main reason for the observed discrepancy is that in the simulation we used ideal Gaussian pulses with a perfect linear chirp, whereas the seed source used in the experiment might have a strong nonlinear initial chirp (a spectral broadening up to 2 nm was achieved in the preamplifier stage inside our seed source). As a result, in the experiments, the pulses compressed to a duration of 250 fs have much more power in the lateral wings (72% in the experiments versus 40% predicated by the simulation), which decreases the maximum peak power from ∼10 kW (predicted by simulation for 4.5 nJ pulse energies) down to ∼3.3 kW (obtained in the experiment for a 2.8 nJ pulse). The nonlinear chirp of the seed source might also be the reason for the absence of a regime with pulse compression down to very short durations (few tens of fs) in the experiment.
Conclusions
In this paper, a Yb-doped hybrid fiber with high anomalous dispersion was designed and fabricated. Asymptotically single-mode operation was achieved due to differential mode amplification: only the central part of the hybrid fiber core (where the hybrid mode has an intensity maximum) was doped with Yb ions. One of the important advantages of the proposed fiber design is the simplicity of the fiber preform fabrication: the active core and high-index-layer structures are fabricated separately and can be adjusted to achieve desirable parameters during the fabrication process. In particular, an appropriate choice of the hybrid fiber parameters allows high anomalous dispersion of the hybrid mode in the spectral region near 1 μm; by directly amplifying the seed signal in the hybrid fiber, this approach is very promising for high-intensity femtosecond pulse generation. The high anomalous dispersion of the hybrid fiber results in pulse compression using a short fiber length, which is important in terms of reducing the nonlinearity. The signal amplification, in turn, contributes to the broadening of the pulse spectrum due to the self-phase modulation and, as a result, increases the compression rate and reduces the overall nonlinearity in the final compression stage. The experiments on chirped pulse compression in Yb-doped hybrid fibers demonstrate the possibility of generating 10-kW-peak-power 90-fs pulses directly from an all-fiber amplifier, which, to the best of our knowledge, is the best result for all-fiber femtosecond lasers operating near 1 μm. Our simulation has shown that optimizing the fiber length and the characteristics of the initial pulses can allow us to further increase the maximum output peak power of the pulses and decrease the pulse duration if a seed source with optimized characteristics is used.
